A high-performance planar bandstop filter with extended upper passbands and improved pass-band return loss is proposed in this article. In this proposed bandstop filter, a novel three-section stepped-impedance structure is suggested to improve the pass-band reflections without affecting the desired band-stop and extended upper passband performances. The analysis and design considerations of this filter are provided while the proposed design approach is verified by full-wave simulation, microstrip implementation and accurate measurement of a typical fabricated filter operating at 1 GHz(f o ). Compared to the conventional one, the proposed bandstop filter has main and obvious advantages of simple single-layer structure, perfect band-stop filtering performance (Suppression of better than 20 dB), excellent low/high pass-band return loss (Reflection of lower than -17 dB) in the extended upper passbands(Larger than 5.96 f o ), and flat group-delay transmission (Variations of smaller than 0.
I. INTRODUCTION
In advanced multi-function radio-frequency/microwave transceivers, bandstop filters with different performances have been widely applied to reject the unwanted frequencies without affecting the desired frequencies. 1, 2 Recently, various performances of bandstop filters have been investigated, such as dual/mutli-band operations, 3, 4 size reduction, 5 and upper-passband extension. 6 As an ideal bandstop fitler, it is always expected that the bandstop performance occurs only at the desired frequencies while the low insertion-loss passband locates at other pass frequency bands. However, due to periodic characteristics of transmission-line stubs, the odd-number harmonics have bandstop performance in conventional bandstop filters. 1 Since the first upper-passband extension technology has been proposed in Ref. 6 , many improvements of bandstop filters with wide upper passbands have been researched in Refs. 7-10. However, the pass-band features in Refs. 7-10 are not perfect when a single-section configuration is considered. Usually, the reflection coefficients in pass bands are larger than -15 dB, even -10 dB in some special cases. Recently, novel technologies including the minimum through-line length, 11 hybrid microstrip/CPW-DGS with via-hole connection, 12 and dual-coupled resonators 13 are proposed to design narrow-band or wide-band bandstop filters. However, the upper pass-band bandwidths in Refs. 11-13 are very narrow, indicating the limited upper pass band.
In order to improve the pass-band performance of bandstop filters with maintaining wide upper passband bandwidth in a single structure, a novel three-section stepped-impedance structure is proposed in a new high-performance planar bandstop filter. The parameter analysis and design considerations of this proposed filter are provided while the proposed design approach is verified by full-wave simulation, microstrip implementation and accurate measurement of a typical fabricated filter operating at 1 GHz ( f o ). Compared to the conventional one, the main and obvious advantages of this proposed bandstop filter include a simple single-layer structure, perfect band-stop filtering performance (suppression of better than 20 dB), excellent low/high pass-band return loss (reflection of lower than -17 dB) in the extended upper passbands (larger than 5.96 f o ), and flat group-delay transmission (variations of smaller than 0.22 ns).
II. CIRCUIT CONFIGURATION AND DESIGN THEORY OF THE PROPOSED BANDSTOP FILTER
In order to illustrate the novel design concept and optimization process of the proposed bandstop filter, a general Pi-type circuit network model with completely defined circuit parameters is shown in Figure 1(a) . According to the typical bandstop filter without performance enhancement, 1 a uniform transmission line and two 90-degree open stubs are used to construct the simplest bandstop filter, as shown in Figure 1(b) . To achieve enhanced upper passbands, an improved bandstop filter with stepped-impedance stubs is developed in Refs. 6,7 while the corresponding circuit configuration is presented in Figure 1(c) . In general, a high-performance planar bandstop filter should have extended upper passbands and improved pass-band return loss, simultaneously. In this proposed bandstop filter, as shown in Figure 1 (d), a novel three-section stepped-impedance structure is proposed to improve the pass-band reflections without affecting the desired band-stop and extended upper passband performances.
The scattering parameters of two-port general network model in Figure 1 (a) can be calculated by
where and R 0 is defined as the port impedance of the filters. 1 In theory, three types of bandstop filters are based on the general network model in Figure 1 (a). For the simplest bandstop filter (Type I, i = 1) in Figure 1 (b), the circuit parameters are given by
For the improved bandstop filter (Type II, i = 2, 6,7 ) shown in Figure 1 (c), the circuit parameters can be expressed as
When three-section stepped-impedance structure is proposed in this paper, as shown in Figure 1 (d), a new type (Type III, i = 3) high-performance bandstop filter is constructed. Its circuit parameters have been provided by
In the above equations (1) It can be found that the bandstop frequency occurs when the condition K i T ( f 0 ) = ∞ is satisfied. Using (8) and the condition K i T ( f 0 ) = ∞, we can obtain a simple equation as In addition, when the first upper external bandstop frequency f 1 occurs and θ
( f ) is considered, the equation (10) is also satisfied and the following relationship should be assured:
Here, based on (10) and (11), we can obtain the final mathematical expression for f 1 :
In practical microstrip implementation, the common highest available value of characteristic impedance is 120 Ω. Therefore, we choose Z p S1
= 120 Ω. When different electrical lengths θ is approximately equal to 19.6 Ω and the frequency ratio h is approximately equal to 7.18. This information is located in the points P1 and P2 in the Figure 2 . In this special case, the frequency ratio h is the largest and the electrical length θ p S is the shortest when the lowest available value of characteristic impedance is limited by 19.6 Ω, indicating the widest available upper passband of the proposed bandstop filters.
Next, three typical calculated examples are designed for three different types of bandstop filters. In the first bandstop filter (Type I), the circuit parameters are Z a Figure 3 (a). In the Type I bandstop filer, the bandstop performance occurs at both 3 GHz and 6 GHz, and the upper passband B in Figure 3(a) is not very wide. In the second bandstop filter (Type II), the circuit parameters are Z b It is very interesting that the highest pass-band frequency of the area F is almost equal to 5.98 GHz (h = 5.98). Finally, for clearly presenting the design steps and conveniently following this proposed research approach for readers or engineers, a simple design procedure in details is summarized as follows:
1) According to the special requirements in practical research projects, set the operating frequency f 0 and the desired frequency ratio h under the limitations shown in Figure 2 . 2) Based on the circuit structure shown in Figure 1(d) and the analyzed equations (1-3, 8-10), choose proper circuit parameters to obtain the desired pass-band return loss and bandstop performances. One typical case of the common optimum circuit parameters and ideally calculated scattering parameters are given in Figure 3(c) . If the designers want to neglect the optimization process, please directly choose the given Type-III example in Figure 3 (c). 3) Transform the ideal transmission lines to practical lines, such as microstrip and CPW, by using a chosen substrate with the known relative permittivity, thickness, and loss tangent. 4) Carefully tune the final circuit layout and full-wave simulation results to satisfy the final requirements. 
III. FULL-WAVE SIMULATION AND EXPERIMENTAL MEASUREMENT OF THE FABRICATED BANDSTOP FILTER
As an experimental verification for this proposed bandstop filter, a microstrip example operating at 1 GHz is designed, simulated, and measured by using a Rogers 4350B substrate of the relative permittivity of ε r = 3.48, the thickness of h=0.762 mm and the loss tangent of 0.0037. The planar circuit layout with defined physical dimensions and the fabricated bandstop filter are demonstrated in Figure 4 Figure 5(a) shows the simulated and measured scattering parameters. The measured 20-dB insertion-loss (|S 21 |<-20 dB) bandstop bandwidth is from 0.83 GHz to 1.20 GHz (the fractional bandwidth is 36.45%). When the 17-dB return-loss (|S 11 |<-17 dB) limitation is considered for defining the measured pass-band bandwidth, the available low pass band is from DC to 0.45 GHz (M1) and the upper one is from 1.72 GHz to 6.02 GHz (M2). The measured center frequency of the bandstop band is 1.01 GHz and the highest -17-dB reflection-coefficient upper pass-band frequency is 6.02 GHz, indicating f 1 = hf 0 = 5.96 f 0 . In general, there is a good agreement between simulated and measured results in Figure 5 (a). Figure 5(b) shows the simulated and measured group delays of upper pass band (2∼6 GHz). It can be observed that the measured group delay in the band of 2.0 to 5.5 GHz is almost 0.59 ± 0.11 ns.
In order to highlight the advantages of this proposed bandstop filter, the performance comparison between the proposed filters and other published filters is listed in Table I .
IV. CONCLUSIONS
A novel planar bandstop filter with a simple structure and optimum parameters is proposed in this paper. The two main advantages of this bandstop filter are very wide upper passband (the maximum upper frequency ratio is near 6) and practically acceptable return-loss (larger than 17 dB) in both low and upper pass bands. The total design theory and performance predication have been verified by microstrip implementations. It can be expected that this proposed high-performance bandstop filter will be used or integrated in radio-frequency/microwave/millimeter-wave transceivers or other types of systems.
